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 
Abstract²Pulsed micro-discharges produced by dielectric barrier 
discharges (DBDs) in a sub-millimeter gap were investigated 
under 200 cycles of sinusoidal ac voltage at 5 kHz in this work. 
The impulsive current in the external circuit was accurately 
measured by an oscilloscope with a bandwidth of 2.5 GHz and 
maximum sampling rate of 40 GS/s to calculate the filamentary 
current in the discharge gap. The amplitude, pulse duration and 
transferred charge of a single filamentary current and the 
micro-discharge energy acquired over the 200 voltage cycles were 
statistically analyzed for different discharge gaps and gas 
pressures. The micro-discharge parameters and ozone generation 
efficiencies for different conditions were compared. The ozone 
production efficiency was found to increase with increasing 
pressure from 1 bar absolute to 2 bar absolute, and the gap length 
from 0.2 mm to 0.5 mm. The maximum ozone production 
efficiency achieved in the work was 217 g/kWh, with a gap length 
of 0.5 mm, 2.0 bar absolute pressure, and an applied voltage of 5.5 
kV at 5 kHz. 
 
Index Terms²Dielectric barrier discharges, filamentary 
current, micro-discharges, reduced electric field and ozone 
generation 
 
I. INTRODUCTION 
ZONE is a strong oxidant and widely used in water 
treatment, pulp bleaching and the DeNOx process. 
Dielectric barrier discharges have been employed in industry as 
the most efficient method for ozone generation, though more 
than 80% of the electrical energy is dissipated as heat in the 
discharge [1]. Optimization of pulsed micro-discharges is an 
important area of research in attempts to increase ozone 
generation efficiency [2]. However, numerous pulsed 
micro-discharges in DBDs take place randomly in the 
discharge gap, making their electrical characterization difficult 
in two aspects: measuring the filamentary current, and 
understanding its distribution over the applied voltage cycles. 
Over the last 30 years, much research has been dedicated to the 
electrical characterization of micro-discharges. Two 
approaches to measure the filamentary current have been 
identified in the literature: direct measurement by incorporation  
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of a well-shielded fast current probe into the ground electrode 
to measure the current of an individual micro-discharge in the 
gap [3-5]; and indirectly by measuring the external impulsive 
current and then calculating the filamentary current, If, in the 
gap [6-9], as shown in (1).  
 
                         (1 )
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where Cg and Cd are the capacitances of the gap and the 
dielectric barrier respectively; It is the total external current and 
Va is the applied voltage.  
   Disadvantages associated with direct measurement include 
the fact that it can only provide information on the filamentary 
current in one specific location, and it is difficult to construct a 
ground electrode to incorporate a well-shielded current probe 
without undesirable modification of the original field 
distribution. J. DĜtmal et al. [6] and S. Liu et al. [7] derived an 
equation relating the filamentary current to the applied voltage 
and external impulsive current. In the work done by J. DĜtmal et 
al. [6] a term incorporating the derivative of applied voltage 
was neglected, however, leading to inaccurate calculation of 
the filamentary current and the transferred charge, since there 
are always abrupt jumps in the applied voltage when a 
discharge occurs [10]. In the work by S. Liu et al. [7], both the 
external current and the derivative of applied voltage were 
considered, but only the calculated filamentary current 
waveform in one cycle was presented; the statistical 
distribution of the filamentary current over several voltage 
cycles was not discussed. N. Jidenko et al. provided a statistical 
distribution of the electrical characteristics over 500 
micro-discharges in [9], but only the factor (1+Cg/Cd) was 
taken into account for calculation of the filamentary current in 
the gap, the derivative of applied voltage being neglected.  
   In the present work, the instantaneous applied voltage and the 
impulsive current in the external circuit were measured by an 
oscilloscope with a bandwidth of 2.5 GHz and maximum 
sampling rate of 40 GS/s. The oscilloscope memory allows the 
acquisition of 200 cycles of voltage and current information 
with sampling rate of 5 G/s when operating at 5 kHz. 
Subsequent processing of the recorded data using Matlab 
revealed the statistical distribution of important electrical 
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2 
parameters of pulsed micro-discharges during the 200 voltage 
cycles. In contrast to previous studies in the literature, the 
statistical distribution of filamentary current, considering both 
the factor (1+Cg/Cd) and the derivative of applied voltage, has 
been analyzed in this paper. To optimize the pulsed 
micro-discharges in the barrier discharge for improved ozone 
generation efficiency, ozone generation data was recorded 
simultaneously during the filamentary current measurement. 
The relationship between the reduced electric field, filamentary 
current and ozone generation efficiency for different discharge 
gaps and gas pressures was investigated, and the results are 
presented and discussed herein. 
II. EXPERIMENTAL SET-UP AND METHODOLOGY 
A. Experimental Set-up 
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Fig. 1. Schematic diagram of ozone reactor (a) and experimental set-up (b) 
Fig. 1 shows a schematic diagram of the ozone reactor and 
experimental set-up used in the study. The DBD ozone 
generator consists of three pairs of electrodes, with a dielectric 
barrier composed of soda-lime glass of thickness 0.5 mm. Each 
electrode plate has dimensions of 50 mm length, and 30 mm 
width. The discharge gap was constructed in a PTFE chamber 
and its length can be accurately controlled from 0.2 mm to 0.6 
mm. The ozone generator was energized by 200 cycles of a 
sinusoidal voltage with amplitude of 5.5 kV at a frequency of 5 
kHz. The ac power supply employed was a Pacific 112AMX; 
the output voltage of 300 V being stepped up to 5.5 kV by a 
high-frequency transformer. Experiments were conducted in an 
oxygen environment, with absolute pressure from 1 bar to 2 
bar, and the ambient temperature of 25 °C. The internal gas 
pressure was controlled through two needle valves located 
before and after the ozone reactor. The flow rate was fixed at 
0.5 L/min in all experiments. The external current was 
measured through a 50  coaxial cable (RG405), with a 
bandwidth of 18 GHz. The voltage across the ozone reactor was 
measured using a LeCroy PPE6kV high-voltage probe (400 
MHz). The measurement data were acquired by an oscilloscope 
(LeCroy WaveRunner 625 Zi) with a bandwidth of 2.5 GHz 
and maximum sampling rate of 40 GS/s. 
The ozone concentration was measured using an ozone 
monitor (BMT964) and the data was transferred to a computer 
for real-time integration, to calculate the total ozone production 
during the application of 200 voltage cycles. The discharge 
power was determined by integration of the instantaneous 
product of the digitized voltage and current signals from the 
oscilloscope. The discharge voltage of the gap was determined 
through the Lissajous figure [11], measured separately using a 
220-nF measuring capacitor. 
 
B. Methodology 
 A transient sinusoidal voltage of 200 cycles was employed in 
the work. The choice of applying 200 voltage cycles fulfills the 
requirements as below: 
 
x It reduces the heating effects in the ozone-synthesis 
process. 
x Electrical measurement data can be acquired and 
recorded at a high sampling rate (൒5 GS/s). 
 
The parameters measured and recorded during the application 
of 200 voltage cycles included the applied voltage, Va, and the 
total current, It, in the external circuit, and the ozone 
concentration as a function of time. The measured data were 
processed using Matlab to obtain the electrical parameters of 
each filament and their statistical distributions. The numerical 
treatments in this work are descripted as below: 
 
1) Separation of the impulsive current  
   The measured current in the external circuit consists of two 
components: displacement current of 5 kHz; and impulsive 
current with duration of the order of ns. A high-pass filter with 
lower cut-off frequency of 10 kHz was used in Matlab to 
separate the impulsive current component. 
 
2) Calculation of the filamentary current in the gap 
   The filamentary current in the discharge gap was calculated 
using (1). The high sampling rate of the oscilloscope enabled 
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3 
the derivative of the applied voltage Va to be obtained 
numerically using Matlab. 
 
3) Calculation of the micro-discharge energy 
   The energy dissipated by the micro-discharge (W0) in the gap 
is equal to the electrical energy injected into the DBD reactor, 
assuming that there is no dielectric loss, as shown in (2): 
 
                    
0 0
( ) ( ) d ( ) ( ) d
t t
t a f g
I V I VW W W W W W ³ ³                      (2) 
 
where Vg is the gap voltage and t is the duration of the 
micro-discharge.  
 
4) Statistical treatment of the filamentary current and 
micro-discharge energy over a representative 25 cycles 
   Limited by the maximum acquisition memory of the 
oscilloscope, 25 cycles of voltage and current waveforms at the 
sampling rate of 5 GS/s were acquired. The number of 
discharges per cycle (n), the amplitude of the filamentary 
current (Ip), the duration of the filamentary current pulse (td), 
the transferred charge associated with a filament (Q), and the 
individual micro-discharge energy (W0) over the representative 
25 cycles were statistically analyzed.  
 
5) Reduced electric field calculation 
   The reduced electric field, E/N, is an important quantity that 
determines the electron energy distribution function and 
reaction rate coefficients [12-14]. It is the interest of this work 
to investigate the characteristics of filamentary current and 
ozone generation efficiency over a range of E/N values, 
calculated using (3): 
 
                                / / ( )
g g
E N V d N                                (3) 
 
where N is the gas density calculated from the ideal gas 
equation [15], and dg is the gap length. The reduced electric 
field E/N as a function of gap length and gas pressure were 
investigated in the study. 
 
6)  Ozone generation efficiency calculation 
   The ozone concentration was monitored in real-time via a 
computer-based system. Ozone generation efficiency was 
calculated as the integral of the ozone produced over 200 cycles 
divided by the discharge energy over 200 cycles. 
III. RESULTS 
A. Filamentary current pulse statistics 
Fig. 2 shows the waveforms of the applied voltage and 
external impulsive current measured at discharge. The 
filamentary current was calculated using (1), and plotted in Fig. 
3. As can be seen in Fig. 3, td is the filamentary current duration, 
defined as the time interval starting from where the current rises 
from zero to where the current falls to zero. Ip is the amplitude 
of the filamentary current pulse, and Q is the transferred charge 
which is equal to the area integrated over the time interval 
defined by td.  
    
 
Fig. 2. Applied voltage and external impulsive current 
 
Fig. 3. Calculated filamentary current in the gap 
  
Fig. 4. Filamentary current of one voltage cycle (at 0.5 mm gap length and 1 bar 
absolute, with applied voltage 5.5 kV at 5 kHz) 
   Fig. 4 shows the filamentary current of one voltage cycle, 
obtained when the peak voltage applied was 5.5 kV and the gap 
distance was 0.5 mm at the absolute pressure of 1 bar. The 
detected filamentary currents are marked using red dots on the 
Fig. 4. The detection limit applied was ±0.2 A. The important 
parameters of individual filamentary currents, Ip, td, Q and W0, 
over the representative 25 cycles were statistically analyzed 
and the histograms of these parameters are presented in Fig. 5  
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Fig. 5. Histogram of amplitude of filamentary current Ip (at 0.5 mm gap length 
and 1 bar absolute) 
 
Fig. 6. Histogram of duration of filamentary current td (at 0.5 mm gap length 
and 1 bar absolute) 
to Fig. 8. In Fig. 5, the amplitude of positive filamentary 
currents demonstrates more consistency than that of negative 
filaments. The amplitudes of most positive current pulses are 
about 1 A, and few are larger than 2 A. The amplitudes of 
negative current pulses are widely spread and up to 6 A. It can 
be observed from Fig. 5 that the current pulses measured at the 
start of the negative voltage half-cycle (phase angle of 180°) 
have higher amplitudes, whereas the current pulses occurring at 
around 270° have relatively consistent amplitude of about 1 A. 
The corresponding charge transfer is presented in Fig. 7. The 
statistical distribution of charge is similar to that of current 
pulse amplitude, which shows that the charge transferred in 
negative filamentary currents is spread more widely than that of 
the positive filaments, and the higher charge transfer took place 
at around 180°. Different from the wide range of current 
amplitudes, the current duration shows a narrow distribution for 
both positive and negative half-cycles, as shown in Fig. 6. Most 
of the current pulse durations are around 46 ns. Fig. 8 gives the 
distribution of energy dissipated by micro-discharges. It is 
found that the micro-discharges occurring at the beginning of 
the discharge period, where the voltage phase angle is 0° and 
180°, consumes similar amount of energy; but when the voltage  
 
Fig. 7. Histogram of transferred charge of filamentary current Q (at 0.5 mm gap 
length and 1 bar absolute) 
 
Fig. 8. Histogram of micro-discharge energy W0 (at 0.5 mm gap length and 1 
bar absolute) 
is close to its peak (90° and 270°), the micro-discharge energy 
becomes higher and the distribution is spread wider. The mean 
values of the parameters presented in Fig. 5, Fig. 6, Fig.7 and 
Fig. 8 are specified in TABLE 1. 
 
TABLE 1 
Mean values of electrical parameters of micro-discharges (0.5 mm, 1 bar 
absolute) 
Parameters Positive  Negative  
Ip 1.0 A 1.6 A 
td 47 ns 46 ns 
Q 21 nC 32 nC 
W0 7.2 µJ 7.6 µJ 
n 68 65 
 
B. Comparison of the characteristics of negative filamentary 
current pulses for different gap lengths 
   The negative filamentary current was selected for comparison 
at different gap lengths and gas pressures. Fig. 9 to Fig. 12 
show the mean values and standard deviations of filamentary 
current pulse amplitude, duration, charge transfer and 
individual micro-discharge energy, respectively, for different 
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Fig. 9. Mean filamentary current amplitude for different gap lengths (at 1 bar 
absolute) 
 
Fig. 10. Mean filamentary current duration for different gap lengths (at 1 bar 
absolute) 
gap lengths at the same absolute pressure of 1 bar. The mean 
values generally increase with an increase in gap length. The 
mean filamentary current amplitude increases from 0.8 A with 
gap length of 0.2 mm to 1.6 A with gap length of 0.5 mm, 
corresponding to an increase in mean charge transfer from 24 
nC to 32 nC, as shown in Fig. 9 and Fig. 11respectively. It was 
observed that the mean current amplitude increases with 
increasing gap length for shorter gaps (0.2 mm to 0.4 mm), 
before plateauing for longer gaps (0.5 mm and 0.6 mm). The 
mean current pulse duration increases from 37 ns with gap 
length of 0.2 mm, to 49 ns at gap length of 0.6 mm, and the 
micro-discharge energy increases from 5.6 µJ to 8.3 µJ, as 
shown in Fig. 10 and Fig. 12 respectively.  
 
C. Comparison of the characteristics of micro-discharges at 
different gas pressures 
   The mean values and standard deviations of filamentary 
current amplitude, duration, and transferred charge, and of 
individual micro-discharge energy, at different pressures with 
the same gap length of 0.5 mm are displayed in Fig. 13 to Fig. 
16, respectively. It can be seen in Fig. 13 that the mean 
filamentary current amplitude increases from 1.6 A at 1 bar 
absolute to 2.6 A at 2 bar absolute, corresponding to an increase 
in charge transfer from 32 nC to 54 nC, as shown in Fig. 15.  
    
 
Fig. 11. Mean transferred charge of filament for different gap lengths (at 1 bar 
absolute) 
 
Fig. 12. Mean micro-discharge energy for different gap lengths (at 1 bar 
absolute) 
Fig. 14 shows that the mean pulse duration is generally within 
the range from 45 ns to 50 ns, demonstrating that the duration 
of the filamentary current pulse is not affected by gas pressure.  
Fig.16 shows that the mean value of individual micro-discharge 
energy increases from 7.6 µJ at 1 bar absolute to 19.8 µJ at 2 bar 
absolute. Similar to the results for different gap lengths, the 
standard deviation of the distribution of these parameters was 
of the same order as the mean values, which means that the  
 
 
Fig. 13. Mean filamentary current amplitude at different (absolute) gas 
pressures (at 0.5 mm gap length) 
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Fig. 14. Mean filamentary current duration at different (absolute) gas 
pressures (at 0.5 mm gap length) 
 
Fig. 15. Mean transferred charge of filament at different (absolute) gas 
pressures (at 0.5 mm gap length) 
 
Fig. 16. Mean micro-discharge energy at different (absolute) gas pressures (at 
0.5 mm gap length) 
distribution of the filamentary current pulses was spread over 
the voltage phases. 
D. Ozone generation performance 
   Fig. 17 shows that the ozone generation efficiency increased 
with increasing gap length from 0.2 mm to 0.5 mm and then 
saturated, with the highest ozone efficiency obtained being 166 
g/kWh. It has been reported by a number of researchers that 
shorter gap length can result in better heat removal, which leads  
 
Fig. 17. Ozone generation efficiency with different gap lengths at 1 bar 
absolute, under applied voltage of 5.5 kV at 5 kHz 
 
Fig. 18. Ozone generation efficiency with different (absolute) pressures for 0.5 
mm gap length, under applied voltage of 5.5 kV at 5 kHz 
to increased ozone concentration and generation efficiency [13, 
16]. In the present work, however, due to the application of 200 
voltage cycles with the frequency of 5 kHz, the applied power 
duration is only 40 ms, therefore the heating effect in the 
reactor can be neglected. Fig. 18 shows the dependence of 
ozone generation efficiency on gas pressure, demonstrating that 
the ozone efficiency increases with increasing gas pressure. 
The highest ozone generation efficiency of 217 g/kWh was 
achieved at pressure of 2 bar absolute.  
IV. DISCUSSION  
A. Micro-discharges characteristics 
1) Establishment of stationary dielectric barrier discharges 
Fig. 19 shows the waveform of the discharge current 
measured in the external circuit at the initial stage of the 
dielectric barrier discharges energized by 200 voltage cycles. 
From the discharge current waveform, it can be seen that the 
first cycle of the discharge current had a larger spike which is 
attributed to the transition of static gas state to gas discharge 
state. The accumulated charge on the barrier from the first cycle 
leaded to the establishment of stationary dielectric barrier 
discharge. From Fig. 19, it is shown that the discharge current 
waveform after the first cycle had a regular spike pattern. 
Therefore it can be considered that a stationary dielectric 
barrier discharge was established from the second cycle. 
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Because this research work is focused on the low concentration 
ozone generation process without considering the temperature 
effect, the ozone generation efficiency is considered to be 
consistent once a stationary oscillatory discharge current was 
established.    
 
 
Fig. 19 Discharge current measured in the external circuit at the initial stage of 
the dielectric barrier discharges energized by 200 voltage cycles 
 
2) Characteristics of filamentary current pulse distribution 
over one voltage cycle 
   From the histograms of filamentary current pulse amplitude 
(Fig. 5) and transferred charge (Fig. 7) of a single filament in 
Section III, a polarity effect of micro-discharges has been 
observed. The results show that the negative filamentary 
current is about 2 times higher than the positive filamentary 
current. This observation can be explained as follows. Before 
the positive discharge cycle starts, there are negative ions 
deposited on the surface of the dielectric barrier from the 
previous half-cycle. The accumulated negative charges can be 
considered as numerous individual point charges distributed 
over the dielectric barrier surface, which results in local electric 
field distortion. When the external electric field decreases to a 
certain value before zero volts, the local electric field around 
the accumulated point charge is high enough to initiate positive 
discharges, representative of a glow-like mode. When the 
positive discharge stops, the charges accumulated on the barrier 
surface are positive. The numerous positive point charges 
deposited on the surface result in a local electric-field distortion 
that is different from the negative point charge [15], which 
leads to a filamentary discharge mode. The filamentary 
discharge mode results in higher impulsive current than the 
glow-like discharge mode. This polarity effect was also found 
by T. Murata et al. in [17], who attributed it to the different 
mobility of electrons and ions accumulated on the glass surface. 
   It was found that, at the same voltage phase angle, the 
negative discharge current pulse amplitude values were 
dispersed. The average amplitudes around the voltage phase 
angles of 0° or 180°, the initial stage of the discharge period, 
were relatively high compared to those around the voltage 
phase angles of 90° or 270°, the final stage of the discharge 
period. This can be explained as follows. At the initial stage of 
the discharge period for each half-cycle, the charge 
accumulated on the dielectric surface from the previous 
half-cycle contributes to the development of a filament, and 
also the charge with opposite polarity transported in the 
filament at this stage has more space to develop, leading to a 
higher-amplitude current pulse. At the final stage of the 
discharge period, as the dielectric surface has accumulated a 
certain amount of charge, the charge with the same polarity 
transported in the filament has a limited space to develop due to 
the repulsion by nearby charge, which results in a lower current 
pulse amplitude.  
   It was also observed that the filamentary current in the gap is 
about 4 times higher than the induced pulsed current measured 
in the external circuit, which is mainly due to the  high dVa/dt at 
the moment of discharge (see (1)). The calculated charge 
transferred per filament was about 10 times higher compared 
with that from a previous study [6] in which the rapidly 
changing voltage at the moment of discharge was not 
considered.  
 
3) The effects of discharge gap length and gas pressure on the 
micro-discharges  
Without considering the ionic current component in the 
filament current due to its small contribution [3], the current 
density, j, and the transferred charge, Qc, of the filament can be 
calculated from (4) and (5), respectively: 
 
                                 
e e
j e N v                                         (4)    
                          
0
d
t
c c e e
Q e F v N dt   ³                              (5) 
 
where Ne, ve and Fc are the electron density, electron drift 
velocity, and the cross-section of the micro-discharge channel, 
respectively. Referring to (4) and (5), it can be deduced that the 
increase of filamentary current and transferred charge with 
increasing gap length and gas pressure results from the joint 
effects of the electron density and electron drift velocity at 
different gap lengths and gas pressures. The electron density 
and the electron drift velocity distribution are related to the 
reduced electric field E/N [12, 18]. The E/N at different gap 
lengths were calculated and plotted in Fig. 20. Fig. 20 shows 
that the E/N decreases from 185 Td to 130 Td when the gap 
length increases from 0.2 mm to 0.6 mm. It is interesting to find  
 
 
Fig. 20. The dependence of E/N on gap length (at 1 bar absolute) 
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            Fig. 21. The dependence of E/N on (absolute) gas pressure (for 0.5 mm 
gap length) 
that at lower electric field of 130 Td, the amplitude, transferred 
charge, and dissipated energy of filaments are higher compared 
with those at the higher electric field of 185 Td. The E/N at 
different gas pressures was calculated and plotted in Fig. 21, 
which shows that the E/N decreases slightly from 136 Td at 1 
bar absolute to 126 Td at 2 bar absolute. Similar to the results 
obtained for different gap lengths, Fig. 21 demonstrates that the 
filamentary current amplitude, transferred charge, and 
individual micro-discharge energy are higher at lower levels of 
reduced electric field. The effect of E/N on the distributions of 
electron density and electron drift velocity is complicated and 
requires further advanced plasma diagnostic techniques or 
application of the Particle-in-Cell method for numerical 
simulation [19, 20]. The filamentary current pulse duration 
represents the time it takes to build up a counter electric field by 
accumulated charge that is high enough to terminate the 
discharge. From experimental results, it is known that when the 
discharge gap is longer, more time is needed to build up the 
counter electric field  to make discharge extinguished but the 
filamentary current pulse duration time is not affected by 
increasing gas pressure. 
   The effects of discharge gap distance and gas pressure on the 
characteristics of micro-discharge have also been investigated 
by other researchers. Using a numerical method, Braun et al. 
reported that the radius of the micro-discharge increased with 
increasing gap length, and decreased with increasing gas 
pressure [21]. For longer gap length, with larger 
micro-discharge radius, the transferred charge of a single 
filament and the micro-discharge energy both increase. 
However, the pressure effect cannot be explained by this 
argument.  
 
B. Ozone performance 
   Ozone generation results from two main opposite reactions: a 
reaction of ozone formation from oxygen and a reaction of 
ozone destruction. The key reactions involved in the ozone 
generation are shown in (6)-(12) [22]: 
 
1) Electronic dissociation of O2: 
          
3 3 31
2 2
(A ) ( P) ( P) ea
u
e O O O O
k  ¦ o  o      (6) 
          
3 3 11
2 2
(B ) ( P) ( D) eb
u
e O O O O
k  ¦ o  o      (7) 
 
2) Formation of vibrational excited O3: 
                         
*2
2 3
O O M O M
k  o                        (8) 
(M = [O], [O2], [O3]) 
 
3) O3 formation: 
                            
* 3
3 3
O O O O
k o                              (9) 
                            
* 4
3 2 3 2
O O O O
k o                           (10) 
 
4) O3 decomposition: 
                             
* 5
3 2
2O O O
k o                                (11) 
                          6
3 2
ee O O O
k o                           (12) 
 
In the above reactions, kx (x DE«LV the reaction rate 
coefficient. In the oxygen discharges with the electric field 
strength E, assuming the portion of energy carried by electron 
from the input energy is 0.5 [13, 16], the ozone generation 
efficiency can be calculated by (13), based on the reactions 
from (4) to (10). 
 
       1 1
5 10
3 10 4
( ) 1
2( / )
1
a b
d
k k
k xv E N
x kk
K  
 
    O3 molecules/ev (13) 
 
Where x10 is the oxygen atom concentration (x10= N[O]/ N[O2]) 
[3], N is the initial concentration of O2 molecules (particles 
cm
-3
) and vd is the drift velocity of electrons. Referring to (13), 
it can be seen that the ozone generation efficiency is related to 
E/N. In the present work, different values of E/N were achieved 
by adjusting the gap length and gas pressures. Based on the 
ozone generation efficiency measured at different conditions 
shown in Fig. 17 and Fig. 18, the ozone generation efficiency as 
a function of E/N is presented in Fig. 22. It can be seen that the 
ozone generation efficiency decreases with increasing reduced 
electric field in the range from 126 Td to 185 Td. This result is 
in agreement with the findings of Kitayama et al, who reported 
that the maximum ozone yield decreases gradually with 
increasing value of the reduced electric field strength, when 
E/N >100 Td [13]. It should be noted that the parameters of k1a, 
k1a, Ȝ and vd are all affected by E/N, and therefore changes in 
ozone generation efficiency at different E/N are as a result of 
the joint effect of all of the parameters in (9).    
   From the statistical analysis of micro-discharge properties, it 
has been found that the micro-discharge energy is higher for 
longer gaps and larger gas pressures. Therefore, the ozone 
efficiency increases when the micro-discharge is more intense. 
The highest ozone generation efficiency of 217 g/kWh 
occurred when the mean value of individual micro-discharge 
HQHUJ\ZDVȝ-DWE/N of 126 Td. Increased micro-discharge 
energy means that more oxygen atoms are produced in the 
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micro-discharge channel, such that more ozone can be 
generated subsequently, based on (6), (7) and (8). Therefore, 
the ozone generation efficiency can be improved when the 
individual micro-discharge energy is increased. However there 
exists an optimum value of oxygen atom concentration that is 
beneficial for ozone generation, which is 10
-4
 when E/N is 
about 100 Td, according to Elisasson et al.[3]. Whereas the 
oxygen atom concentration could not be measured in the 
present work, the optimum E/N for ozone generation was found 
to be 126 Td. The highest ozone generation efficiency achieved 
by Elisasson et al. was 250 g/kWh based on AC power supply 
[3]. Compared with that efficiency, the maximum ozone 
production efficiency we measured was about 13% lower. 
 
 
Fig. 22. Ozone generation efficiency at different E/N 
V. CONCLUSION 
   In conclusion, the statistical characteristics of 
micro-discharge and ozone production under different gap 
lengths and gas pressures were studied in this work. A polarity 
effect was found, with negative discharge current twice higher 
than positive discharge current. The dVa/dt at the moment of 
discharge was considered and the filamentary current in the 
discharge gap was calculated. It was shown that the amplitude 
of the filamentary current was about 4 times higher than that of 
the external pulsed current. 
   Statistical analysis of representative pulses showed that the 
mean values of the amplitude, transferred charge and 
micro-discharge energy all increased as the gap length or gas 
pressure was increased. The filamentary current pulse duration 
increased with increasing gap length, but was not affected by 
gas pressure. The E/N was calculated for different gap lengths 
and gas pressures, and it was observed that the filamentary 
current amplitude, transferred charge of an individual filament, 
and individual micro-discharge energy were higher at lower 
E/N, and also that the ozone generation efficiency was found to 
increase with decreasing E/N in the range from 126 Td to 185 
Td. In addition, the ozone generation efficiency was higher 
when the micro-discharge energy was higher. The maximum 
ozone production efficiency achieved in the work was 217 
g/kWh with a gap length of 0.5 mm, 2.0 bar absolute pressure, 
and an applied voltage of 5.5. kV at 5 kHz. 
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